A total of 335 lactating sows (Landrace × Large White) were used in two experiments to determine the optimum ratio of standardized ileal digestible lysine (SID-Lys) to metabolizable energy (ME) for mixed parity sows during lactation. In Exp. 1, 185 sows (weighing an average of 256.2 ± 6.5 kg and having an average parity of 3.4 ± 0.3) were allocated to one of six experimental diets in a completely randomized block design within parity groups (1, 2, and 3+). The experimental diets were formulated to contain 3. 06, 3.16, 3.20, 3.25, 3.30 or 3.40 Mcal/kg of ME and each diet was fed to the sows throughout a 28 day lactation. All diets provided a similar SID-lysine level (0.86%). As a result, the diets provided a SID-Lys:ME ratio of 2.81, 2.72, 2.69, 2.65, 2.61 or 2.53 g/Mcal ME. Sow feed intake was significantly (P < 0.01) affected by the energy content of the diet as well as by sow parity. Using regression analysis, feed intake was shown to be maximized at 3.25, 3.21, 3.21 and 3.21 Mcal/kg of ME for parity 1, 2, 3+ sows and the entire cohort of sows respectively (quadratic; P < 0.01). In addition, the result of feed intake can be expressed as 2.65, 2.69, 2.69 and 2.68 g/Mcal based on analysis of SID-Lys:ME ratio. Litter weight gain was affected by dietary treatment for parity 3+ sows and the entire cohort (P < 0.01). Based on regression analysis, litter weight gain was maximized at 3.25 and 3.24 Mcal/kg of ME for parity 3+ (quadratic; P < 0.01) and the entire cohort (quadratic; P < 0.01). Similarly, the result of litter weight gain could be expressed as 2.65 and 2.66 g/Mcal of SID-Lys:ME ratio. Therefore, 3.25 Mcal/kg of ME was selected for Exp. 2 in which 150 sows (weighing 254.6 ± 7.3 kg and having an average parity of 3.4 ± 0.4) were allocated to one of five treatments in a completely randomized block design within parity (1, 2, and 3+). The experimental diets were formulated to contain 2.1, 2.4, 2.7, 3.0 or 3.3 g/Mcal of SID-Lys:ME ratio with all diets providing 3.25 Mcal/kg of ME. The diets were fed to the sows throughout a 28 day lactation. Sow body weight loss was affected by dietary treatment (parity 3+ sows, P = 0.02; entire cohort, P < 0.01) and by sow parity (P < 0.01). Litter weight at weaning and litter weight gain were affected by dietary treatment for parity 1, 2, 3+ sows and the entire cohort (P < 0.01) as well as by sow parity (P < 0.01). Plasma urea nitrogen (P < 0.01), creatinine (P < 0.01) and non-esterifide fatty acids (P = 0.04) were decreased as the SID-Lys:ME ratio of the diet increased. Insulin-like growth factor-1 (P = 0.02), estradiol (P < 0.01) and luteinizing hormone (P = 0.02) were increased as the SID-Lys:ME ratio in diet increased. Based on a broken-line model, the estimated SID-Lys: ME ratio to maximize litter weight gain was estimated to be 3.05 g/Mcal.
Background
Inadequate nutrient intake of sows during lactation can adversely affect their subsequent reproductive performance [1] . Lysine is considered the first-limiting amino acid in typical corn-soybean meal diets fed to lactating sows [2] . For this reason, more research has focused on identifying the lysine requirements of lactating sows than for any other amino acid.
When formulating diets for lactating sows, it is common practice to provide lysine at a certain percentage of the diet. However, feed intake decreases as the dietary energy concentration increases [3] [4] [5] and as a result, total lysine intake may decline as the energy concentration of the diet increases.
Energy restriction has a detrimental effect on sow weight loss throughout lactation, weaning litter weight and weaning-to-estrus interval [6, 7] . Thus, an optimum lysine to energy ratio is important to optimize sow reproductive performance. At present, amino acid requirements are often expressed as standardized ileal digestible (SID) values for feed formulation [8] . Therefore, the SID-lysine to ME ratio may be the optimum method of expressing the lysine requirement of lactating sows.
Studies of the optimum lysine to energy ratio have mainly focused on young pigs [9] [10] [11] . Studies related to lactating sows are relatively scarce. Therefore, the objective of these experiments was to determine the optimum dietary SID-Lys:ME ratio in the diet of lactating sows under local commercial pig farm conditions.
Materials and methods
The Animal Welfare Committee of China Agricultural University (Beijing, China) approved the animal care protocol used for this experiment.
Exp. 1 Animals, dietary treatment and management
A total of 185 sows (Landrace × Large White), including 36 first parity, 36 second parity, and 113 third-to-ninth parity sows, were used in this experiment. When the sows exhibited estrus, they were mated twice at 12 h intervals using a mature Duroc boar. After mating, the sows were provided 2 kg/day of a commercially prepared gestation diet providing 3.05 Mcal/kg of ME and 0.65% total lysine from day 0 to 80 of gestation while 3 kg/day was provided from day 80 until day 110.
On day 110 of gestation, all sows were moved into a farrowing room and allocated to one of six corn-soybean meal based diets (Table 1 ) in a completely randomized block design within parity groups. The experimental diets containing 3.06, 3.16, 3.20, 3.25, 3.30 or 3. 40 Mcal/ kg of ME were formulated using corn, soybean meal, and wheat bran as their main ingredients. Increased ME concentration was attained by using more corn, soybean meal and soybean oil but less wheat bran. Crystalline Llysine was added to the diets to ensure that all diets provided a similar SID-lysine level (0.86%). As a result, the diets provided a SID-Lys:ME ratio of 2.81, 2.72, The metabolizable energy content of corn, soybean meal, and wheat bran were determined previously in our laboratory (data not published). Metabolizable energy of soybean oil was obtained from the Agriculture Industry Standard of China (2004) and was calculated as 96% of DE 4 Standardized ileal digestible lysine was determined previously using pigs surgically equipped with a T-cannula in the distal ileum. The basal ileal endogenous losses were measured by feeding a nitrogen-free diet (data not published) 2.69, 2.65, 2.61 or 2.53 g/Mcal ME. Levels of all other nutrients met or exceeded those recommended by the Agriculture Industry Standard of China [12] . Each treatment had similar numbers of sows in each parity group (1, 2, and 3+, respectively) and the sows were fed the experimental diets as a mash throughout a 28 day lactation.
During lactation, the sows were housed in individual farrowing crates (2.2 × 1.8 m 2 ) equipped with a piglet creep area which was fitted with a heating pad and an infrared heat lamp. Litters were standardized to an average of 10.83 piglets within 48 h of birth by cross-fostering. The experimental diets were provided three times daily at 0630, 1200, and 1700 h. Starting the day after farrowing, the amount of feed provided to the sows was gradually increased until sow maximum intake was reached 7 days postpartum. Any feed remaining in the feed trough was weighed to determine actual daily feed intake. Sows and piglets had free access to water provided by nipple drinkers throughout the experimental period. Piglets were subjected to routine management procedures including teeth clipping, tail docking, ear notching and iron dextran injections (2 mL/pig) within 1 d of parturition. Male piglets were castrated within 7 d after birth and creep feeding was initiated starting 7 days from birth.
Measurements
Sows were weighed within 48 h of farrowing and at weaning to assess weight change during lactation. Farrowing date and litter size (number after cross-fostering and at weaning) were recorded. Piglets were weighed and litter weight was recorded after cross-fostering and at weaning.
After weaning at 28 days, sows were moved back to the breeding barn and housed in individual gestation stalls. Detection of estrus was conducted once a day following 15 min of boar stimulation. Estrus was recorded when sows were first observed to show a positive response to the back-pressure test (immobilization reflex) and this value was used to calculate the weaning to estrus interval.
Chemical analyses
Analyses for the proximate principles and calcium and phosphorus were carried out according to the Association of Official Analytical Chemists [13] . Amino acids were quantified using an automatic amino acid analyzer (L-8800, Hitachi Incorporated, Tokyo, Japan). Lysine, threonine and valine were analyzed following acid hydrolysis with 6 N HCl for 24 h at 110°C while methionine and cystine were analyzed after cold formic acid oxidation overnight with subsequent hydrolysis. Tryptophan content was determined colorimetrically after alkaline hydrolysis following the procedures described by Miller [14] .
Exp. 2 Animals, dietary treatment and management
A total of 150 sows (Landrace × Large White), including 31 first parity, 32 second parity, and 87 third-to-eighth parity sows were used in this experiment. When the sows exhibited estrus, they were mated twice at 12 h intervals using a mature Duroc boar. After mating, the sows were provided 2 kg/day of a commercially prepared gestation diet providing 3.05 Mcal/kg of ME and 0.65% total lysine from day 0 to 80 of gestation while 3 kg/day was provided from day 80 until day 110.
On day 110 of gestation, all sows were moved into a farrowing room and allocated to one of five corn-soybean meal based diets ( Table 2 ) in a completely randomized block design within parity groups. The diets contained SID-Lys:ME ratios of 2.1, 2.4, 2.7, 3.0 or 3.3 g/Mcal. All diets provided 3.25 Mcal/kg ME chosen based on the results of Exp. 1. The requirements for other essential amino acids were met using crystalline amino acids according to the Agriculture Industry Standard of China [12] lactating sow model. Each treatment had a similar number of sows in each parity group (1, 2, and 3+, respectively) and the sows were fed the experimental diets as a mash throughout a 28 day lactation. Sow management, measurements and chemical analyses of diets were conducted as described in Exp. 1.
Blood sample collection and processing
Blood samples were collected from 10 sows per treatment via jugular vein puncture on day 21 of lactation immediately prior to the morning feeding. Approximately 8 mL of blood was collected for analysis of blood metabolites and hormones. Blood samples were collected in lithium heparin coated vacuum filled tubes (Greiner Bio-One GmbH, Kremsmünster, Australia), placed in an ice box for transportation to the laboratory and centrifuged at 3000 × g for 15 min at 4°C. Plasma samples were stored at -20°C until needed for analysis.
Plasma concentrations of glucose, creatinine, urea nitrogen and non-esterified fatty acids were analyzed using commercial colorimetric kits (BioSino Bio-Technology and Science Incorporated, Bejing, China) and an Automatic Biochemical Analyzer (Hitachi 7160, Hitachi Incorporated, Tokyo, Japan). Plasma insulin, insulin-like growth factor-1, estradiol, luteinizing hormone and follicle-stimulating hormone kits (Beijing Sino-uk Institute of Biological Technology, Beijing, China) were used and their concentrations were measured by radioimmunoassay using an Automatic Radioimmunoassay Counter (R-911, University of Science and Technology of China Industrial Incorporated, Hefei, China).
Statistical analysis
Data were analyzed as a randomized complete block design using the General Linear Models (GLM) procedure of SAS V8.2 [15] . Sows were assigned to dietary treatment within parity. There was no treatment x parity interaction (P > 0.10) and therefore the interaction effect was removed from the model. Sow body weight at farrowing, lactation length, and weight of the litter after fostering were used as covariates in the analysis. Treatment means were separated using the LSMEANS statement and the PDIFF option in SAS. Linear and quadratic treatment effects were performed using the solution statement in the GLM procedure of SAS. In Exp. 2, a broken-line regression model using the NLMixed procedure of SAS with a random component included for parameter L was used to estimate a breakpoint according to Robbins et al. [16] . All values are reported as least square means. P-values of less than 0.05 were considered statistically significant and Pvalues less than 0.10 were considered as indicative of a significant trend.
Results

Exp. 1 Sow characteristics
Sow body weight at weaning and body weight change during lactation were affected by parity (P < 0.01). First parity sows showed greater body weight loss compared with parity 2 and 3+ sows. Dietary ME level influenced sow body weight loss in parity 1 (P = 0.06), 2 (P = 0.07) and in the overall cohort of sows (P = 0.06). Sow body weight loss decreased quadratically (P = 0.01) with increasing levels of ME for the overall cohort of sows. Based on regression analysis, sow body weight loss in the overall cohort of sows was minimized at 3.25 Mcal/ kg of ME. Dietary ME level did not affect sow body weight at weaning (Table 3) .
Sow feed intake was affected by parity (Table 4 ; P < 0.01). Higher parity sows consumed more feed during lactation. Dietary ME concentration had a significant effect on feed intake in parity 1 (P = 0.07), 2 (P < 0.01), 3+ (P < 0.01), and the overall cohort of sows (P < 0.01). Using regression analysis, it was estimated that feed intake (5.40, 5.77, 5.87, and 5.77 kg for parities 1, 2, 3+, and the overall cohort, respectively) was maximized at 3.25, 3.21, 3.21 and 3.21 Mcal/kg of ME (quadratic, P < 0.01). In addition, the result of feed intake can be expressed as 2.65, 2.69, 2.69 and 2.68 g/Mcal based on analysis of SID-Lys:ME ratio,
Litter characteristics
Litter size at weaning and piglet mortality was not influenced by dietary ME level in the overall cohort of sows (Table 5 ; P > 0.10). Dietary ME level did not affect litter weight at weaning and litter weight gain in parity 1 and 2 sows (Table 6 ; P > 0.10). In parity 3+ and the overall cohort of sows, litter weight at weaning and litter weight gain were affected by dietary ME level (P < 0.01). Based on regression analysis, litter weight at weaning (80.56 and 78.66 kg) and litter weight gain (2.28 and 2.23 kg/d) were maximized at 3.25 and 3.24 Mcal/kg of ME for parity 3+ (quadratic, P < 0.01) and the overall cohort of sows (quadratic, P = 0.07, P = 0.05, and P < 0.01, respectively). Similarly, the result of litter weight gain can be expressed as 2.65 and 2.66 g/Mcal of SID-Lys: ME ratio. 
Subsequent sow performance
The average weaning-to-estrus interval for this experiment was 5.55 ± 0.25 d (Table 7 ). There was no effect of dietary ME level on the weaning-to-estrus interval for any of the parity groups of sows (P > 0.10). Parity 3+ sows had the shortest weaning-to-estrus interval (P < 0.01).
Exp. 2 Sow characteristics
Sow body weight loss was affected by parity (P < 0.01). First parity sows had greater body weight loss compared with parity 2 and 3+ sows. Dietary SID-Lys:ME ratio influenced sow body weight loss in parity 3+ (P = 0.02) and the overall cohort of sows (P < 0.01) and sow body weight loss decreased linearly (P < 0.01) with increasing SID-Lys:ME ratio (Table 8) .
Sow feed intake was affected by parity (Table 9 ; P < 0.01). Higher parity sows consumed more feed during lactation. Dietary lysine intake increased linearly (P < 0.01) with increasing SID-Lys:ME ratio as targeted.
Litter characteristics
Dietary SID-Lys:ME ratio did not influence litter size at weaning and piglet mortality in overall cohort of sows (Table 10 ; P > 0.10). Litter weight at weaning and litter weight gain were affected by dietary SID-Lys:ME ratio for parity 1, 2, 3+ sows and the overall cohort of sows (Table 11 ; P < 0.01). The data were fitted to a straight line regression equation: y = 2.27 -0.25 × (3.05 -x) + LVAR (R 2 = 0.98, adjusted R 2 = 0.96). Parameter LVAR represents the parity effect and produced different lines for the respective parities. Based on a broken-line model analysis, the estimated SID-Lys:ME ratio to optimize litter weight gain was 3.05 g/Mcal for mixed parity sows during lactation (Figure 1) .
Subsequent sow performance
The average weaning-to-estrus interval for this experiment was 5.89 ± 0.17 d (Table 12 ). Dietary SID-Lys:ME ratio affected the weaning-to-estrus interval for parity 1 (P < 0.01), 3+ (P = 0.06) and the overall cohort of sows (P < 0.10). Weaning-to-estrus interval decreased linearly as the SID-Lys:ME ratio of the diets increased (P < 0.01). Parity 3+ sows had the shortest weaning-to-estrus interval (P < 0.01).
Plasma characteristics
Dietary treatment did not affect plasma glucose levels. Plasma urea nitrogen (P < 0.01), creatinine (P < 0.01) and non-esterifide fatty acids (P = 0.04) decreased as the SID-Lys:ME ratio of the diets increased and a linear response was observed (Table 13 ; P < 0.01). The dietary SID-Lys:ME ratio influenced plasma insulin-like growth factor-1 (P = 0.02), estradiol (P < 0.01) and luteinizing hormone (P = 0.02) content and these indices increased linearly as the SID-Lys:ME ratio in the diet increased (Table 14 ; P < 0.01).
Discussion
In the present experiment, it would appear that sows were able to breakdown body tissues to meet the nutrient needs for lactation even when their dietary energy intake was inadequate. The relationship of sow weight loss to dietary energy intake observed during lactation in Exp. 1 agrees with previous reports [17, 18] . This suggests that increasing dietary energy concentration could be an important factor to alleviate sow body weight loss during lactation. First parity sows lost more body weight compared with multiparous sows. Primiparous sows are physiologically younger and undergo an intense lactation period which may result in large body tissue catabolism.
Sow body weight loss was minimized at 3.25 Mcal/kg of ME for the overall sow cohort used in Exp. 2. At this energy level, the body weight losses observed in sows during lactation were related to a reduced SID-Lys:ME ratio suggesting that diets with a low SID-Lys:ME ratio may not meet the sow's nutrient requirements for maintenance and milk production. Previous studies reported that an increased lysine intake can minimize body weight loss of lactating sows [19] [20] [21] . Sows did not mobilize body tissue as their nutrient intake increased and a lysine intake of 74 g/d did not affect sow body weight change [22] .
An increase in feed intake of sows during lactation has been shown, at least partly, to reduce body weight and backfat loss and thereby alleviate the negative impacts of nursing a large litter [23] . However, in Exp. 1, feeding a high dietary energy concentration (3.40 Mcal/kg of ME) reduced feed intake, a finding which is in agreement with previous reports [5, 24] . Pettigrew and Moser Table 7 The effect of dietary ME level on the weaning-to-estrus interval of sows 1 [25] summarized 19 experiments and found that feed intake was reduced in 16 of the studies in which sows were fed high energy diets. Feed intake was also reduced for the sows fed the lowest ME level, in which the diet was high in wheat bran (3.06 Mcal/kg of ME). In Exp. 2, dietary energy intake was similar to the optimum ME level obtained from Exp. 1 and lysine intake in the groups differed as targeted. The responses to the different SID-Lys:ME ratio diets obtained are mainly a function of the lysine intake of lactating sows.
Litter growth rate was improved for sows fed a higher energy diet during lactation [5] . In Exp. 1, litter performance was influenced as dietary ME level changed for parity 3+ and the overall cohort of sows. However, a ME level of 3.30 or 3.40 Mcal/kg did not improve litter performance. Pluske et al. [26] also reported that when metabolizable energy intake increased from 75 to 104 MJ/d (17.93 to 24.86 Mcal/d) there was no additional weight gain of the litter. At a ME content of 3.25 Mcal/ kg obtained from Exp. 1, the litter weight gain increased as the SID-Lys:ME ratio increased in Exp. 2 and the estimated SID-Lys:ME ratio to optimize litter weight gain was 3.05 g/Mcal in mixed parity lactating sows. Other studies reported that litter weight gain was improved by higher lysine intake as well [20, 27, 28] .
Weaning-to-estrus interval is an important factor affecting the overall reproductive efficiency of sows. A short interval is necessary to maximize the number of pigs marketed per sow per year [6] . A high energy intake of sows resulted in a short weaning-to-estrus Table 9 The effect of dietary SID-Lys:ME ratio on sow feed intake in lactation (Exp. 2) interval in previous studies [17, 18] . Higher-parity sows demonstrated a shorter weaning-to-estrus interval in Exp.1 and 2. The weaning-to-estrus interval was shortened as the SID-Lys:ME ratio increased in Exp.2. Other studies have reported that increasing lysine intake did not affect weaning-to-estrus interval of sows [21, 29, 30] . These results may be due to the large lactation weight loss for sows rather than the low lysine intake. Vesseur et al. [31] found that sows losing more than 7.5% of their body weight during lactation exhibited a prolonged weaning-to-estrus interval. Similar results were reported by Koketsu et al. [32] . Thaker and Bilkei [33] evaluated data from 1677 sows and observed that the subsequent reproduction performance of sows decreased as weight loss increased during lactation.
Plasma urea nitrogen can represent a sensitive response criterion for protein utilization [34] and its concentrations decreased quadratically with increasing dietary lysine intake [35] . Similar results were found in Exp. 2. These results indicate that sows require a higher dietary SID-Lys:ME ratio to minimize plasma urea nitrogen concentrations and presumably to minimize body protein mobilization.
Plasma creatinine is an indicator of muscle catabolism [28] . Its concentrations decreased when the dietary SID-Lys:ME ratio increased. This is likely a reflection of the fact that sows fed higher lysine lost less weight in lactation and therefore were presumably catabolizing less muscle tissue. Sows body weight loss was positively correlated with non-esterified fatty acid concentrations and their concentration has commonly been used as a postpartum measure of fat catabolism [21] . The lower concentrations could be a sign of a low capacity of the sows to catabolize body fat tissue thus having lower body weight loss [36] . Both implications are verified by the good body condition of sows in Exp. 2.
Plasma insulin-like growth factor-1 level plays an important role in determining nutritional status [37] . Insulin-like growth factor-1 concentrations increased as the lysine intake of lactating sows increased [21, 29] . Therefore, the increased concentrations of plasma insulin-like growth factor-1 observed in Exp. 2 suggest an improved metabolic state with a high SID-Lys:ME ratio. Estradiol is secreted mainly from the ovarian follicles [29] . Sows fed higher SID-Lys:ME ratio diets had higher plasma estradiol concentrations implying that lysine intake could modulate follicular development during lactation. Similar results were found by Yang et al. [29] where the authors found that a high lysine intake increased serum estradiol concentrations during late lactation. Furthermore, a high lysine intake enhanced the proportion of large follicles during proestrus [38] . In Exp. 2, it can be concluded that increasing plasma estradiol may provide a positive effect on ovarian function during late lactation. The shorter weaning-to-estrus interval observed supports this hypothesis.
Luteinizing hormone plays an important role in the reproductive performance of sows. Tokach et al. [39] and Shaw and Foxcroft [40] reported that increased plasma luteinizing hormone concentrations shortened the weaning-to-estrus interval in sows. The shorted duration to return to estrus after weaning was presumed to be associated with an increased secretion of luteinizing hormone. However, inadequate lysine intake might decrease the release of luteinizing hormone during lactation [28, 29] . Our data showed that a high SID-Lys:ME ratio in the diet increased luteinizing hormone concentration on d 21 of lactation which might explain the shorter weaning-to-estrus interval.
In conclusion, feeding lactating sows a diet with an optimal ME concentration improved body condition and voluntary feed intake of sows and increased litter growth. Litter growth rate was maximized when ME was 3.25 and 3.24 Mcal/kg for parity 3+ sows and the overall cohort of sows, respectively. This result can be expressed as 2.65 and 2.66 g/Mcal of SID-Lys:ME ratio. Parity had significant effects on body weight loss, Table 12 The effect of dietary SID-Lys:ME ratio on the weaning-to-estrus interval of sows 1 voluntary feed intake, and weaning-to-estrus interval of sows. Based on the results obtained in the present studies, the optimum SID-Lys:ME ratio appears to be 3.05 g/Mcal for lactating sows fed at the ME level of 3. 25 Mcal/kg in the diets.
